Cell migration is central to tissue repair and regeneration but must proceed with precise directionality to be productive. Directional migration requires external cues but also depends on the extent to which cells can inherently maintain their direction of crawling. We report that the NAD + biosynthetic enzyme, nicotinamide phosphoribosyltransferase (Nampt/PBEF/visfatin), mediates directionally persistent migration of vascular smooth muscle cells (SMCs). Time-lapse microscopy of human SMCs subjected to Nampt inhibition revealed chaotic motility whereas SMCs transduced with the Nampt gene displayed highly linear migration paths. Ordered motility conferred by Nampt was associated with downsizing of the lamellipodium, reduced lamellipodium wandering around the cell perimeter, and increased lamellipodial protrusion rates. These protrusive and polarity-stabilizing effects also enabled spreading SMCs to undergo bipolar elongation to an extent not typically observed in vitro. Nampt was found to localize to lamellipodia and fluorescence recovery of Nampt-eGFP after photobleaching revealed microtubule-dependent transport of Nampt to the leading edge. In addition, Nampt was found to associate with, and activate, Cdc42, and Nampt-driven directional persistence and lamellipodium anchoring required Cdc42. We conclude that high-fidelity SMC motility is coordinated by a Nampt-Cdc42 axis that yields protrusive but small and anchored lamellipodia. This novel, NAD + -synthesis-dependent control over motility may be crucial for efficient repair and regeneration of the vasculature, and possibly other tissues.
Introduction
Adult vascular smooth muscle cells (SMCs) normally exist as stationary, contractile cells but they also have the capacity to migrate. The migratory SMC phenotype is crucial for vascular health because it enables SMCs to crawl to injured sites in the artery wall and participate in vessel repair. Efficient migration of SMCs is also central to preventing the often-fatal consequences of atherosclerosis, by stabilizing vulnerable and rupture-prone lesions (Dickson and Gotlieb, 2003; Falk et al., 1995; Naghavi et al., 2003) .
A key determinant of effective cell migration is the extent to which the cell crawls in a direct path to its target site. Signal gradients in the local environment are important in this regard, with gradients of PDGF-BB being particularly so for vascular SMCs (Ferns et al., 1991; Pickering et al., 1997) . However, it has recently been recognized that, in addition to external cues, there are intrinsic cellular attributes that determine whether a cell maintains a direct path of translocation or follows a more meandering route (Petrie et al., 2009) . The relative contribution of intrinsic versus extrinsic control over directed cell migration varies among different cell types but may be particularly important for constitutively adherent cells (Pankov et al., 2005) . Known mediators of intrinsically controlled directional persistence include Rho family GTPases, integrin signals and microtubules but it is clear that the regulation networks are complex and incompletely understood (Moissoglu and Schwartz, 2006; Pankov et al., 2005; Petrie et al., 2009) .
Elucidating the innate pathways that promote directionally persistent migration can be limited by the fact that, in the absence of an applied chemoattractant gradient, cultured cells often display a random pattern of migration. This is the case for vascular SMCs, which are relatively slow moving cells that reorient and change direction frequently (Li et al., 2000; Rocnik et al., 1998) . However, we have identified lines of human vascular SMCs that can be stimulated to migrate in a strikingly non-random pattern by withdrawing serum from the cultures (van der Veer et al., 2005) . This straightforward manipulation promotes a switch from random migration to streaming of cells into aggregates. One protein found to be upregulated during this switch was nicotinamide phosphoribosyltransferase (Nampt), an NAD + biosynthetic enzyme that has also been known as pre Bcell colony enhancing factor and visfatin (van der Veer et al., 2007; van der Veer et al., 2005) .
Nampt catalyzes the rate-limiting step in the synthesis of NAD + from nicotinamide. This particular biosynthetic pathway generates NAD + from dietary nicotinamide but also from nicotinamide liberated intracellularly by enzymes that use NAD + as a substrate or co-substrate (Bogan and Brenner, 2008; Borradaile and Pickering, 2009) . NAD + -consuming enzymes include sirtuins, ADP-ribosyltransferases (ARTs) and NADases (Koch-Nolte et al., 2011; Ziegler, 2000) and Nampt has been found to be important for sustaining a number of reactions coordinated by these enzymes. This includes poly ADP-ribose polymerase (PARP)-mediated DNA repair (Rongvaux et al., 2008) , SIRT1-mediated cell longevity (van der Veer et al., 2007) , and SIRT3/4-mediated protection against apoptosis (Yang et al., 2007) . Unlike these latter processes, cell migration has not been directly linked to NAD + turnover and a role for Nampt in motility has not previously been considered. However, in view of the upregulation of Nampt observed during patterned SMC migration, we questioned whether active generation of NAD + might underlie a control system for cell migration.
We report here that Nampt can drive highly efficient, directionally persistent cell migration. Using time-lapse microscopy, we found that Nampt activity regulated the size and protrusion rate of SMC lamellipodia. Moreover, Nampt activity effectively locked a small but highly protrusive lamellipodium in position. We also found that Nampt could localize to the lamellipodium itself, in a microtubule-dependent manner, and that its effects on polarity and lamellipodial stability were mediated by Cdc42 activation. The findings thus identify a novel, NAD + -synthesis-dependent control mechanism for directed cell motility.
Results

Nampt regulates SMC patterning and directionally persistent SMC migration
We have found that withdrawing serum from cultures of HITC6 SMCs induces them to stream into clusters. This patterned motility response was associated with upregulation of Nampt (van der Veer et al., 2005) . To determine whether Nampt activity was required for SMC patterning we subjected HITC6 SMCs to serum withdrawal in the presence or absence of 10 nM FK866, a non-competitive inhibitor of Nampt that, at this concentration, suppresses Nampt activity in SMCs to 20% of the baseline level (van der Veer et al., 2007) . Whereas vehicle-treated SMCs were induced to elongate and stream toward sites of cell coalescence over 48 hours, FK866-incubated cells retained their random orientation without patterning (Fig. 1A, top) . To determine whether increasing Nampt activity impacted cell streaming, SMCs were infected with a retrovirus containing human Nampt cDNA, which increases intracellular NAD + levels (van der Veer et al., 2005) . Nampt-or vector-expressing SMCs were then subjected to partial serum withdrawal (3% FBS). Under these conditions, vector-infected SMCs underwent modest streaming. However, Nampt-overexpressing SMCs underwent striking cell alignment and pronounced streaming into clusters (Fig. 1A,  bottom) .
We next determined whether Nampt exerted control over the migration paths of individual cells not part of a collective. For this, SMCs were plated at low density (3000 cells/cm 2 ) in 10% FBS-supplemented medium and migration was tracked by timelapse video microscopy. Vehicle-incubated SMCs under these conditions displayed exploratory migration. However, following inhibition of Nampt activity for 24 h with FK866, migration was even more disordered with frequent cell turning (Fig. 1B,C) . In contrast, Nampt-overexpressing cells crawled with pronounced directional persistence, translocating up to 200 mm with little change in direction ( Fig. 1B,C ; supplementary material Movies 1, 2).
These effects of altered Nampt activity were quantified by assessing the ratio of net cell displacement (D) to total distance traveled (T). A D/T ratio of 1 denotes straight-line translocation, whereas smaller ratios indicate progressively less linear paths (Pankov et al., 2005) . In FK866-exposed SMCs, D/T was 25% lower than that in control cells (P50.005). In contrast, Namptoverexpressing cells (Nampt-SMCs) displayed a 24% greater D/T than vector-expressing cells (vector-SMCs; Fig. 1D , P50.0001). Overall cell migration speed was not significantly impacted by FK866 (P50.37) although increased somewhat (1.18-fold) by Nampt overexpression (P50.004). Because migration speed might impact D/T, we quantified the distribution of angles between each hourly translocation step to yield a turning index, or linear dispersion coefficient, which is a measure of directional stability that is independent of migration speed (Cantarella et al., 2009 ). This index was decreased by FK866 treatment (P50.001) and increased by Nampt overexpression (P50.016, Fig. 1D ), further supporting a role for Nampt in straight-line motility.
Together, these findings reveal that human vascular SMCs have the capacity to undergo directional migration in the absence of an exogenously established chemotactic gradient, both as a collective and as individual cells. Moreover, the findings indicate that the salvage pathway for NAD + biosynthesis contributes to this innate directionality.
Nampt constrains lamellipodial size but drives lamellipodial protrusion
To investigate the mechanism by which Nampt promotes directional persistence, we evaluated specific features of the lamellipodium. In other cell types, random motility has been functionally linked to large, broad lamellipodia (Pankov et al., 2005) . To determine if Nampt activity impacted lamellipodium morphology, we measured the edge length and radial dispersion of the leading lamellipodium. In SMCs exposed to FK866, mean lamellipodial length, measured as the length of ruffling cell edge relative to total cell perimeter, was significantly greater than that of vehicle-treated cells (1.2-fold, P50.009). The lamellipodia were also broader (1.4-fold, P50.045), assessed from the angle between two lines connecting the center of the nucleus to each end of the lamellipodium ( Fig. 2A) . Consistent with these differences, lamellipodia in Nampt-overexpressing SMCs had a significantly smaller edge length and significant smaller radial dispersion (P50.001, P50.004, respectively; Fig. 2A ).
We next asked whether Nampt impacted lamellipodial protrusion itself. Rapid acquisition time-lapse microscopy revealed that Nampt imparted a striking change in lamellipodium movement. Rather than the back and forth protrusive/retraction activity of control SMCs there was a highly 'fluid' ruffling pattern in Nampt-SMCs with steady forward protrusion ( Fig. 2B ; supplementary material Movies 3, 4). Quantification of lamellipodium protrusion rate, from images every 30 seconds, revealed a 2.2-fold increase in protrusion rate in Nampt-overexpressing cells compared to vector-expressing cells (P50.012, Fig. 2B ). FK866 prevented the increase in protrusion rates observed in Nampt-SMCs. Thus, Nampt activity shrinks the lamellipodium but also drives its protrusion, a profile that, at least in part, could underlie the observed increases in migration speed and directional persistence.
Nampt constrains dynamic repositioning of the lamellipodium
Lamellipodial activity is characterized not only by short-term protrusive motion but also by longer-term repositioning around the cell periphery. For SMCs, we found that this typically entailed recruitment of previously non-ruffling plasma membrane on one end of the lamellipodium and termination of ruffling at the other end. Dispersion of ruffling at both ends was seen less frequently and was typically asymmetrical. To quantify this lamellipodial wandering phenomenon, time-lapse assessment over 8 hours was undertaken and the angular shifts between successive lines connecting the center of the nucleus to the midpoint of the lamellipodium were determined hourly. Using this index, the average lamellipodium repositioning rate in FK866-incubated SMCs was 42% higher than that in vehicle-treated SMCs (P50.003; Fig. 2C ). In contrast, the lamellipodium repositioning rate in Nampt-SMCs was 41% lower that vectorinfected SMCs (P,0.0001). These findings established that Nampt imposed lateral restraint on lamellipodial dispersion, a previously undetected level of control over SMC motility.
Nampt drives bipolar elongation of SMCs
We next asked whether the observed lamellipodium anchoring phenomenon by Nampt might play a general role in regulating cell shape. An important SMC shape, in addition to the asymmetric unipolar morphology of migratory SMCs, is the symmetric bipolar morphology of contractile SMCs. In vivo, this is characterized by striking cell elongation of up to 200 mm (Peters et al., 1983) , however, this morphology is generally not identified in culture. To assess SMC elongation, we tracked the immediate spreading patterns of low-density, trypsin-dispersed HITC6 SMCs. Control SMCs spread from their spherical morphology by ruffling and extending most of the adherent cell periphery. Ruffling then terminated at discrete regions to yield multiple, small lamellipodial extensions and a spread, multipolar morphology ( Fig. 3 ; supplementary material Movie 5). In Nampt-expressing SMCs, the initial, diffuse ruffling pattern was similar to that of control SMCs. However the subsequent dissipation of ruffling was more extensive and followed a reproducible pattern whereby two codominant lamellipodia emerged at opposite ends of the cell. The position of these lamellipodia relative to the long axis of the cell remained constant and as they protruded the lamellipodia progressively narrowed to form non-ruffling 'points' at either end of a strikingly elongated cell ( Fig. 3 ; supplementary material Movie 6). Serial tracking of aspect (length-width) ratios revealed a 16-fold increase in aspect ratio of Nampt-SMCs over 8 hours. This was 2.3-fold higher than that of vector-SMCs (aspect ratio 6.9, P50.008). The 8-hour aspect ratio of Nampt-SMCs incubated with 5 nM FK866 was significantly lower than that for Nampt-SMCs (P50.015) and similar to that of vector-SMCs. Taken with the migration data, these findings indicate that Nampt activity underlies a process for constraining the size, position and activity of lamellipodia in a manner that, depending on the prevailing conditions, can optimize both directional migration and cellular elongation.
Nampt is compartmentalized to lamellipodial protrusions
A general cellular pool of NAD + has previously been assumed, however, emerging data suggest that NAD + -dependent pathways are in fact compartmentalized (Nikiforov et al., 2011) . This compartmentation arises in part from spatial segregation of NAD + biosynthetic enzymes (Berger et al., 2005; Koch-Nolte et al., 2011) . Using western blot analysis of subcellular fractions of human SMCs, we found that Nampt localized to the cytoplasm and nucleus, with most found in the cytoplasm (not shown; Fig. 4A ). Interestingly, Nampt was also present in a plasmamembrane-enriched fraction characterized by the presence of Na + /K + ATPase with little to no a-tubulin (Fig. 4B ). Because Nampt does not have features of a membrane-spanning or membrane-integral protein (Khan et al., 2006) , we reasoned its presence in this subfraction might reflect cytosolic Nampt close to the inner leaflet of the plasma membrane. Consistent with this possibility, immunostaining SMCs for Nampt revealed signal at the cell edge and particularly at sites of lamellipodium ruffling, in addition to more diffuse intracellular signals (Fig. 4C) .
To further assess the possibility that Nampt localized in the lamellipodium, SMCs were transduced with retrovirus containing cDNA for either Nampt-eGFP or eGFP alone and imaged using time-lapse fluorescence microscopy. This revealed pronounced Nampt signal at the protrusive lamellipodium ( Fig. 4D ; supplementary material Movies 7, 8). Interestingly, vesicular flow of Nampt-eGFP out of the lamellipodium was also observed, suggesting a retrograde Nampt transport system. To determine whether Nampt was actively transported to the lamellipodium, we evaluated fluorescence recovery after photobleaching (FRAP) in the presence of specific transport inhibitors. Re-accumulation of fluorescence for 60 seconds after photobleaching was quantified. Fluorescence recovery in SMCs incubated with nocodazole to trigger tubulin depolymerization was notably blunted, with a time-fluorescence integral (TFI) 67.2% of that of control SMCs (P50.001; Fig. 5 ). TFI in SMCs incubated with the microtubule stabilizer, paclitaxel, was also significantly lower than vehicle-treated Nampt-eGFP SMCs (P50.02). The fluorescence recovery half-times for NampteGFP were also significantly lengthened by nocodazole (P50.028) and paclitaxel (P50.030). Interestingly, paclitaxelincubated SMCs showed augmented accumulation of Nampt at lamellipodial protrusions, suggesting either bolus delivery of Nampt to the leading edge from acutely stabilized microtubules or a microtubule instability-based mechanism for removing Nampt from the lamellipodium. Incubation of SMCs with brefeldin A to inhibit protein transport through the endoplasmic reticulum-Golgi complex had no effect on Nampt localization in the lamellipodium and no impact on the accumulation rate after photobleaching. Collectively, these data indicate that Nampt is compartmentalized in SMCs and can be localized, in a microtubule-dependent fashion, in lamellipodial protrusions.
Nampt activates Cdc42
Rho family GTPases are essential for lamellipodial protrusion. Furthermore, suppression of Rac1 activity has been implicated in directionally persistent migration (Pankov et al., 2005) . Because of this, and the strong relationship we observed between Nampt and the lamellipodium, we sought to determine if there was a relationship between Nampt and Rac1. We first assessed this in HITC6 SMCs subjected to serum withdrawal. With extended serum-free conditions HIT SMCs stop proliferating but remain healthy with reduced apoptosis rates (Li et al., 2001; Li et al., 1999) . Over 6 days following serum withdrawal, there was marked (2.9-fold) upregulation of Nampt expression, together with progressive shrinkage of lamellipodia (Fig. 6A) . Surprisingly, this was not associated with a decline in expression or activity of Rac1. However, there was a 3.6-fold increase in Cdc42 activity within 4 days of serum withdrawal. Consistent with these findings, inhibiting Nampt activity with FK866 had no effect on basal Rac1 activity but, instead, significantly reduced Cdc42 activity (Fig. 6B ). In addition, overexpression of Nampt increased Cdc42 activity and modestly increased Rac1 activity.
We next investigated whether Nampt and Cdc42 colocalized in the cell. Immunoprecipitation of Cdc42 followed by immunoblotting for Nampt did not yield a detectable signal, nor was a signal detected following Nampt immunoprecipitation and Cdc42 immunoblotting (data not shown). However, affinity precipitation of active, GTP-Cdc42/Rac1 did reveal an immunodetectable Nampt signal, albeit relatively weak, indicating an association between the active Rho GTPase and endogenous Nampt (Fig. 6C) .
To confirm an association between Nampt and Cdc42 specifically, and determine if this was spatially localized, we undertook an in situ colocalization assessment using a proximity ligation approach that identifies designated proteins residing within 40 nm of each other (Söderberg et al., 2006) . There was little to no proximity signal in cells incubated with the anti-Cdc42 antibody alone, or the anti-Nampt antibody alone (Fig. 6E, left) . However, cells immunolabeled with both antibodies displayed amplification signals, indicating that a proportion of Cdc42 colocalized with Nampt (Fig. 6E, middle) . Colocalization signals were not extensive, but were increased significantly in SMCs overexpressing Nampt (Fig. 6F) . Moreover, upon knockdown of Cdc42 abundance by siRNA, the proximity signals were substantially reduced ( Fig. 6E, right; Fig. 6F ). Interestingly, Nampt-Cdc42 colocalization signals were enriched in cell protrusions. Together, these data indicate that Nampt can both interact with and activate Cdc42 in SMCs and that a NamptCdc42 association is particularly evident in lamellipodial protrusions. We next determined whether Nampt-induced directional stability required Cdc42. SMCs stably infected with retrovirus containing cDNA for Nampt or vector alone were subjected to Cdc42 knockdown by electroporating siRNA (Nucleofector), which reduced Cdc42 expression by ,70% (Fig. 7A) . Vector-SMCs containing control siRNA and vector SMCs subjected to Cdc42 knockdown both displayed broad lamellipodia (Fig. 7B, top) . However in Nampt-overexpressing SMCs subjected to Cdc42 depletion, the lamellipodium configuration was atypical, with prominent side protrusions emanating from the edge of the parent lamellipodium, sometimes giving rise to a tripolar appearance to the cell (Fig. 7B, bottom right) . These findings suggest that Cdc42 knockdown abrogated Nampt-induced positional restraint of lamellipodia, but not the protrusive actions of Nampt. Quantitative cell movement assessment revealed that the D/T ratio and linear dispersion (turning) coefficient was increased in Nampt-SMCs exposed to control siRNA, but this increase in directional persistence did not occur in Nampt-SMCs subjected to Cdc42 knockdown (Fig. 7C,D) . Furthermore, Nampt-SMCs exposed to control siRNA showed restricted lamellipodium reorientation around the cell periphery, compared to vectorSMCs, but this was not observed in Nampt-overexpressing cells subjected to Cdc42 knockdown (Fig. 7E) .
Collectively, these findings indicate that activation of Cdc42 is a downstream consequence of Nampt-mediated NAD + biosynthesis in SMCs and mediates Nampt-driven stabilization of lamellipodium position.
Discussion
The ability of cells to maintain their direction of crawling has implications for tissue development, repair and stabilization. This study established that human vascular SMCs have the capacity to engage in directionally persistent migration, independent of external guidance cues, and that this productive mode of migration is orchestrated by NAD + biosynthesis. The existence of a NAD + -based control system was revealed by pronounced changes in the spreading and crawling behavior of cells upon altering the abundance or activity of Nampt. Originally described as a cytokine that may be involved in B cell development or glucose uptake, Nampt is, in fact, an enzyme that catalyzes the rate-limiting step in the NAD + salvage reaction from nicotinamide (Revollo et al., 2004; van der Veer et al., 2005) . We determined that this enzyme imparted directionality to migrating SMCs by generating protrusive lamellipodia that were restricted in size and anchored in position.
Whereas external guidance cues dictate where a cell crawls, the stability with which the cell directionally translocates is determined by intrinsic steering mechanisms. Known determinants of intrinsically directed migration include the cell polarity machinery, integrin trafficking, calcium signals, the extracellular matrix architecture, and Rho GTPases (Moissoglu + regulation thus constitutes a new participant in the control of directional motility, and one that we determined was relevant to SMCs migrating into a collective as well as individually migrating cells. The observation that lamellipodial dynamics were regulated by Nampt is in keeping with the centrality of the lamellipodium in defining cell translocation patterns. Directionally persistent migration has been found to be inversely related to the size of the lamellipodium (Pankov et al., 2005) and, consistent with this, Nampt expression led to lamellipodial shrinkage and Nampt inhibition yielded broad lamellipodia. Nampt also restrained lateral shifting of the lamellipodium and effectively locked the lamellipodium in a single position thereby limiting cell turning. Interestingly, these restrictive actions on the lamellipodium were not associated with reduced membrane protrusion but in fact enhanced protrusive activity. Thus, Nampt acts as an orchestrator of lamellipodial behavior that coordinately regulates its size, position, and protrusion to drive efficient migration.
We also identified that generation of anchored and protrusive lamellipodia by Nampt did not exclusively impact migration but also enabled acutely spreading SMCs to undergo bipolar elongation. SMCs can assume unipolar and bipolar morphologies, with each morphology being tightly linked to different functions. Elongated, bipolar SMCs are central to the contractile behavior of well-differentiated SMCs and we have previously shown that Nampt promotes upregulation of SMC contractile genes (van der Veer et al., 2005) . The current studies establish, however, that Nampt is not deterministic for either a contractile or migratory SMC phenotype. Rather, Nampt activity serves to optimize the morphological patterning required of either phenotype, by effectively locking in polarity and driving stable protrusions. Because cell shape dictates cell behavior (Thakar et al., 2009) , this morphology stabilizing effect could serve as a mechanism to optimize various cell functions.
The observation that Nampt was transported to the leading edge of the cell implicates locally generated NAD + in (Berger et al., 2005; Koch-Nolte et al., 2011) . We identified Nampt in both cytoplasmic and nuclear fractions of SMCs, which is consistent with findings in other cell types (Kitani et al., 2003; Yang et al., 2007) . However, cytoplasmic Nampt was not diffusely distributed but was polarized and prominent at membrane ruffles. This conclusion was based on: (1) immunostaining for endogenous Nampt; (2) the presence of Nampt in the plasma-membrane-enriched cell fraction; and (3) visualizing Nampt-eGFP in SMC lamellipodia by time-lapse microscopy. We cannot exclude the possibility that part of the ruffling-associated Nampt-eGFP signal arose from increased fluorescence signal generated by protrusions folding into the imaging light path. However, FRAP analysis revealed microtubule-dependent recovery of Nampt signal at the leading edge, implicating a regulated transport system. The relative hyperconcentration of Nampt-eGFP in protrusions observed after stabilizing microtubules with paclitaxel, as well as retrograde movement of Nampt-eGFP from the leading edge, further indicate a process of Nampt flux in and out of the lamellipodium. Interestingly, Nampt has recently been found to localize to myo-endothelial junctions, sites of opposed cellular protrusions of vascular smooth muscle cells and endothelial cells (Heberlein et al., 2012) . Furthermore, this study found that Nampt strongly associates with microtubules in vitro. Taken together with our data, the findings suggest a microtubule-based transport system for the polarized delivery of Nampt to membrane protrusions. We speculate, therefore, that both the actions of Nampt at lamellipodia and the Nampt transport machinery itself, may determine the fidelity of motility.
Nampt was found to mediate its control over lamellipodia through Rho GTPases. Within this family, Rac1 is well known to promote the formation of broad lamellipodia, and data in fibroblasts and epithelial cells have revealed an inverse relationship between Rac1 activity and directional migration (Pankov et al., 2005) . However, in contrast to our prediction based on these data, we did not find that Nampt suppressed Rac1 activity. Instead, we identified a strong relationship between Nampt-induced directionality and Cdc42. Cdc42 was activated in association with Nampt upregulation and lamellipodial shrinkage upon serum withdrawal. Likewise, Cdc42 was activated Immunoblot of Nampt following affinity pulldown of active, GTP-bound Cdc42/Rac1. PBD, Pak1 p21-binding domain; Ag, agarose. Nampt immunoblot of whole cell lysates from vector-SMCs and Nampt-SMCs that were simultaneously run and probed are shown on right. Lysates constituted 5% of the total protein from which Cdc42-GTP was precipitated, and the Nampt bands were developed using a shorter exposure than that for the affinity precipitated Nampt fraction. The vertical line separates lanes subjected to different exposure and placed side-by-side for comparison. (E) Fluorescence micrographs of SMCs subjected to proximity ligation assay for Nampt and Cdc42. Proximity amplification signals appear red, actin microfilament bundles were labeled with FITC-phalloidin (green), and nuclei were stained with Hoechst 33298. Cells shown depict: control conditions using the antiCdc42 antibody alone (left); experimental conditions using both antiCdc42 and anti-Nampt antibodies (middle); experimental conditions following Cdc42 knockdown with siRNA (right). Punctate amplification signals are enriched at the lamellipodium (arrow). (F) Graphs depicting amplification signal intensities, derived from at least 150 cells/condition. AFU, arbitrary fluorescence units; Ab, antibody; C, anti-Cdc42; N, anti-Nampt. *P,0.001 versus corresponding controls. 
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following Nampt overexpression and Cdc42 activity was suppressed by FK866. We also identified that a proportion of Cdc42 was associated with Nampt, using both cell lysate and in situ colocalization approaches. The relatively low intensity of the association signal could reflect weak or transient complexes, but the lamellipodium-enriched association nonetheless identifies a novel interplay between the NAD biosynthesis machinery and at least one Rho GTPase. Furthermore, Cdc42 was required for Nampt-induced directionally persistent migration, as quantified by D/T ratio, the cell turning/linear dispersion coefficient, and dynamic repositioning of the lamellipodium. These findings are consistent with an established role for Cdc42 as a master regulator of front-rear polarity (Etienne-Manneville and Hall, 2001) . Interestingly, Nampt overexpression also induced modest activation of Rac1, which could be due to Nampt expression per se or a downstream consequence of Cdc42 activation (Nishimura et al., 2005) . Regardless, the specific balance of Cdc42 and Rac1 activities generated by Nampt may, in part, underlie the particular lamellipodial patterns observed.
The specific molecular cascades linking local NAD + biosynthesis and Cdc42 activity, or other mediators of cell polarization and lamellipodium dynamics, remain to be established, but members of the NAD + -consuming families of enzymes are important candidates. Sirtuins and ARTs consume NAD + through deacetylation or ADP-ribosyltransferase reactions and there are extranuclear members of both families (Imai and Guarente, 2010; Smith, 2001 ) that might contribute to NAD + consumption at the lamellipodium. Another class of NAD + -degrading enzymes is NADases, which generate the calcium signaling molecules ADP-ribose, cyclic ADP-ribose and NAADP (Koch-Nolte et al., 2011; Lee, 2004) . Control of calcium flux is vital for cell migration (Espinosa-Tanguma et al., 2011) and it is noteworthy that high-calcium microdomains in the lamellipodium have been identified as critical for cell steering (Wei et al., 2009) . Another potentially relevant consequence of local NAD + generation is regulation of cell adhesion. Focal-adhesion-related mechanosensing has been identified as a basis for fibroblast polarization (Prager-Khoutorsky et al., 2011) and it has been shown in zebrafish that NAD + production is required for cell adhesion to extracellular matrix and for localization of the focal adhesion complex adapter protein, paxillin (Goody et al., 2010) . These possibilities warrant future investigation and we speculate that a range of NAD + -consuming reactions participate in cell polarization and lamellipodium dynamics, making the machinery for NAD + regeneration a crucial gateway. In summary, we have identified an NAD + -synthesis-dependent control mechanism for directionally persistent cell motility, and have established Nampt as a novel upstream regulator of Cdc42. Because Nampt is not an invariantly expressed enzyme and its activity can decline with aging (Costford et al., 2010; van der Veer et al., 2007) , strategies to optimize NAD + biosynthesis could underlie new approaches for optimizing tissue repair and regeneration.
Materials and Methods
Cell culture and reagents
Experiments were performed using HITC6 SMCs, a non-immortal human SMC line isolated from the human internal thoracic artery (Li et al., 2001; Li et al., 1999) . SMCs were cultured in M199 (Gibco/BRL) with the designated concentration of fetal bovine serum (FBS). Human SMCs stably expressing Nampt or eGFP-tagged Nampt (derived from pEGFP-C2; Clontech, Mountain View, CA) were generated using retrovirus, as previously described (Rocnik et al., 2002; van der Veer et al., 2005) . Briefly, full-length cDNA in pQCXIP-IRES-PURO was transfected using calcium phosphate into the Phoenix-amphotropic retrovirus packaging cell line (kindly provided by Dr G Nolan, Stanford University Medical School, CA, distributed by ATCC, Manassas, VA). The retrovirus-containing supernatant was added to proliferating SMCs and stable transductants were selected with 3 mg/ml puromycin for 48 hours. Overexpression of Nampt was confirmed before each experiment by western blot analysis. FK866 was obtained from the National Institute of Mental Health, Chemical Synthesis and Drug Supply Program.
SMC migration and elongation
Motility of SMCs plated at 3500 cells/cm 2 was assessed by time-lapse microscopy, as described previously . Imaging was undertaken using a Zeiss inverted microscope (Axiovert S100) with Hoffman-modulated contrast optics and CCD camera (Cooled QICAM 12-bit Mono Fast 1394, QImaging Inc.) or a Leica DMI6000 B microscope with IMC optics and Leica DFC420 C camera. Images were acquired every 5 minutes over 8-12 hours using time-lapse software (Northern Eclipse Imaging software, Empix Inc. and Leica Application Suite). Ambient temperature was maintained at 37˚C with a temperature control cell (CC-100; 20/20 Technology Inc. or LiveCell, Pathology Devices) and cells were incubated in bicarbonate-reduced M199 with Hanks' salts and 25 mM Hepes. Cell migration speed was calculated as the sum of the hourly centroid translocations divided by the total imaging period. Directional persistence was determined as: (1) the ratio of the displacement (D) from a start position to the total distance (T) traveled (D/T) (Pankov et al., 2005) ; and (2) the turning index, or linear dispersion coefficient, an index of the distribution of the angles between each translocation step that is independent of cell migration speed (Cantarella et al., 2009) . SMC elongation was determined in dispersed cells seeded at below 4000 cells/cm 2 in M199 with 3% FBS and immediately tracked. The lengths and widths of each cell in the field of view (106 objective) were quantified every 30 minutes.
Lamellipodium morphology, protrusion rate and dynamic repositioning Lamellipodium morphology was determined in two ways. First, the length of the lamellipodium was measured by tracing and expressing this relative to the cell perimeter. Second, the spread or radial dispersion of the lamellipodium was determined as the angle between two lines connecting the center of the nucleus to each end of the lamellipodium. Lamellipodial protrusion rate was determined by acquiring images every 30 seconds over a 10-minute period. Each image was traced and sequential, paired images were digitally overlaid and subjected to Boolean subtraction to yield the area of plasma membrane that had protruded during each 30-second interval. This area of protrusion was expressed as a fraction of total cell area. The 30-second protrusion values taken over the course of an experiment were averaged and expressed as the mean fractional protrusion rate (% area/minutes). Dynamic repositioning of lamellipodia around the cell perimeter was assessed by identifying the mid-point of the lamellipodia every hour for 8 hours. A line intersecting the center of the nucleus and the lamellipodium mid-point was drawn and lamellipodium repositioning was measured based on the hourly angular deviation of this line, assessed in serial images. In order to specifically measure positional shifts in lamellipodium/ruffling with respect to the cell perimeter, deviations were only measured if the cell itself did not execute a turn, defined as a change in orientation of the nucleus by greater that 20˚. If a cell did turn, a lamellipodium repositioning measurement was not recorded for that hourly interval.
Subcellular assessment and western blot analyses
Nuclear and cytoplasmic proteins were separated by step-wise lysis using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Nepean, Canada). Plasma membrane and cytoplasmic fractions were also harvested using sucrose gradient centrifugation. Briefly, SMCs in sucrose-HEPES buffer (SHB, 20 mM HEPES, 1 mM EDTA, 255 mM sucrose, pH 7.5) containing protease inhibitors (Protease Inhibitors Cocktail and Phosphatase Inhibitor Cocktail 2; Sigma, Oakville, Canada) and phenylmethanesulfonyl fluoride (1 mM; Sigma) were homogenized and subjected to centrifugation at 1000 g for 15 minutes. The supernatant was subjected to centrifugation at 16,000 g for 20 minutes yielding a supernatant of cytoplasm and pellet, which was resuspended in SHB and layered onto a sucrose cushion (30% sucrose in PBS) and spun at 53,000 g for 35 minutes in a Beckman ultracentrifuge using a TLA120.1 rotor. The plasma membrane fraction was collected from the SHB-sucrose cushion interface.
For western blot analysis, proteins were resolved on SDS-polyacrylamide gels, transferred to PVDF membranes (Millipore, Billerica, MA) and Nampt was detected using a polyclonal rabbit antibody against human PBEF/Nampt (1:3000; Bethyl Laboratories, Montgomery, TX). Fractions were probed using a polyclonal antibody against lamin A/C (1:2000; Santa Cruz Technologies, Santa Cruz, CA) and monoclonal antibodies against Na + /K + -ATPase (1:1000; Santa Cruz Biotechnologies) and a-tubulin (clone B-5-1-2; 1:25,000; Sigma) to assess nuclear, membrane, and cytoplasmic fractions, respectively. Secondary antibodies were horseradish-peroxidase-conjugated anti-rabbit and anti-mouse IgG (GE Healthcare, Baie d'Urfe, Canada) and signals were detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and exposed on Amersham Hyperfilm (GE Healthcare). Bands were quantified by laser scanning densitometry (GS-700 Imaging Densitometer; Bio-Rad).
Immunostaining
SMCs grown on glass coverslips were fixed for 20 minutes with 4% paraformaldehyde, permeabilized for 20 minutes with 0.2% Triton X-100, and incubated with rabbit anti-PBEF/Nampt (Bethyl; 1:300) for 1 hour in 5% normal goat serum. Bound primary antibody was detected with an Alexa-Fluor-488-labeled goatanti-rabbit IgG (1:500; Molecular Probes, Eugene, OR). Nuclei were stained with 2.5 mg/ml Hoechst 33258 and coverslips were mounted with PermaFluor (Thermo Fisher Scientific). Cells were visualized using an Olympus BX50 microscope with a BX-FLA illuminator, UPlanF1 objective lenses, cooled Retiga EXi Mono Fast 1394 camera (QImaging Inc.), and Northern Eclipse image analysis software.
Confocal microscopy and fluorescence recovery after photobleaching SMCs stably expressing EGFP or EGFP-tagged Nampt plated on glass-bottomed dishes were incubated with vehicle (DMSO, 0.1% v/v), nocodazole (1 mM; Sigma), paclitaxel (1 mM; Sigma), or brefeldin A (5 mg/ml; Sigma) 1 h prior to analysis. Confocal microscopic analysis of lamellipodial Nampt was undertaken using a Zeiss laser scanning microscope 510Meta and a Plan-Apochromat 636/1.4 NA oil DIC objective. Cells were maintained at 37˚C using a bionomic controller (20/20 Technology, Mississauga, Ontario). Fluorophore excitation was achieved using an argon/2 laser unit. Lamellipodium signal was bleached using a rectangular region of interest and fluorescence recovery was probed in a rectangular subregion that constituted 16% of the bleached zone. Bleaching was undertaken at 488 nm with full intensity for 6 seconds with 50 scans. Baseline fluorescence intensity was established from 10 pre-bleach scans and fluorescence recovery assessed in 500 post-bleach scans, at 123 mseconds/scan. Fluorescence recovery was assessed over 60 seconds and quantified as the time-fluorescence integral and as the recovery half-time, the latter using one-phase association curve fitting (Graphpad Prism 5).
Rho GTPase activity and function
The activity of Rac1 and Cdc42 in SMCs were assayed from lysates that were affinity purified using a fragment of p21-activated kinase 1 (PAK1) expressed as a fusion protein with glutathione S-transferase, as previously described Leung et al., 2004) . Affinity-precipitated proteins were separated on 15% SDS-PAGE as were parallel lysates not subjected to affinity precipitation. Proteins were transferred to PVDF membranes and immunoblotted with primary antibodies against Rac1 (R56220, BD Biosciences, Mississauga, Canada) and Cdc42 (B-8, Santa Cruz Biotechnology), as described previously . To test for association with Nampt, GTP-bound Cdc42/Rac1 was affinity precipitated from 3 mg of total protein lysate and precipitated proteins, as well as whole-cell lysates were separated on 4-20% SDS-PAGE, transferred to PVDF membrane, and immunoblotted using primary antibody against Nampt or Cdc42. Protein A/G PLUS agarose (Santa Cruz) was used as negative control. Knockdown of Cdc42 was undertaken using siRNA against Cdc42 or control siRNA (SilencerH Select Validated siRNA and Negative Control No. 1 siRNA, 50 nM, Applied Biosystems, Burlington, Canada) delivered by electroporation (Amaxa Nucleofector, Lonza, Allendale, NJ).
In situ assessment of Nampt-Cdc42 colocalization Nampt-Cdc42 colocalization was assessed in situ by proximity ligation assay (Duolink, Olink Bioscience, Uppsala, Sweden). Briefly, SMCs were fixed with 4% paraformaldehyde and permeablized with 0.5% Triton X-100. After blocking with 5% normal goat serum, cells were incubated with primary antibodies against Nampt (1:400; Bethyl Laboratories) and Cdc42 (1:80, B-8; Santa Cruz, Santa Cruz, CA) for 1 h. Thereafter, cells were incubated with proximity ligation assay (PLA) anti-rabbit PLUS and anti-mouse MINUS probes, followed by ligation and amplification reactions according to the manufacturer's specifications, using the red (598/634 nm) in situ detection agent. Cells were subsequently incubated with FITC-conjugated phalloidin to visualize actin microfilament bundles. The extent to which Cdc42 and Nampt were colocalized was quantified using ImageJ, as the total fluorescence intensity per cell, averaged from at least 150 cells. Background signal was determined from cells subjected to the ligation assay using only the anti-Nampt primary antibody or only the anti-Cdc42 antibody.
Statistical analysis
Data are expressed as means 6 s.e.m. Significant differences were assessed by Student's t-test or analysis of variance with a Bonferonni post hoc test.
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